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Abstract

Current satdlite cloud retrievds are usudly based on the assumption that al clouds consst of a
homogenous single layer, despite the frequent occurrence of cloud overlap. As such, cloud overlap will
cause large errors in the retrievas of many cloud properties. To address this problem, a multilayered
cloud retrieva sysem (MCRY) is developed by combining satellite visble and infrared radiances and
surface microwave radiometer measurements. A two-layer coud modd was used to smulae
multilayered cloud radiative characteristics and to parameterize the tota-column vigble reflectance. The
radiances emanating from the combined low cloud and surface are estimated using the microwave liquid
water with an assumption of effective droplet Sze. These radiances replace the radiances traditiondly
used in angle-layer cloud retrievas. The MCRS was agpplied to 8 months data from March to October,
2000 over four Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) dtes. The
results were compared to the available retrievals of ice water path (IWP) from radar data and show that
the MCRS clearly produces a more accurate retrieva of multilayered cloud properties. MCRS yidds
vauesof IWP that are closest to those from the radar retrieval.  For ice-over-water cloud systems, on
average, the optica depth and IWP were reduced, from origind overestimates, by approximately
30.0%. The March-October mean temperatures from the MCRS were decreased by 10 + 12 K,
which trandates to a height difference of ~1.4 km. These results indicate that ice-cloud height derived
from traditiond sngle-layer retrievd is underestimated and the mid-level ice cloud coverage is over
classfied. Effective ice crystd particle sizes are increased by only a few percent with the new method.
Sengtivity tests suggest that this method is not particularly sendtive to the assumed water droplet Sze

and the uncertainties in the microwave retrievas. This new physicaly based technique should be robust



and directly applicable when satdlite imager and the proper satellite or surface microwave data are

avalable,

Key Word: Cloud Retrieval, Multilayer, Overlap, Microwave, Ice cloud, Ice water path



1. Introduction

Clouds, especidly high clouds, are very important regulators of the hydrologica and energy
cycle of Eath’'s dimate.  Although the criticd role of clouds in Earth’s radiation balance has been
widdy recognized for many years, they are dill the mgor source of large uncertainties in climate
predictions by generd circulation models (GCMs). The difficulty in adequatdly @pturing the cloud
radiative effectsin GCMsiswell documented [Cess et al. 1990]. One of the principa reasons for the
large uncertainties is the poor knowledge of ice water path (IVWP) didribution. Until the IWP is properly
characterized by observations, it will not be possble to sufficiently congrain, for the sake of reliable
climate assessment, the models' production of ice water and its subsequent effects on the hydrologica
and radiation budgets. Thus, globaly accurate IWP informetion is urgently needed for testing of globa
climate modds and characterizing the radiation budget.

IWP determination is often complicated because of cloud overlap. Current sadlite WP
retrievas are usudly based on the assumption that dl clouds are single-layered, despite the rdatively
frequent occurrence of overlapped cloud systems. Cloud overlap can cause large errorsin the retrievas
of many properties including cloud height, optica depth, thermodynamic phase, and particle size. For
multilayered clouds, one of the grestest impediments to accurately determine cloud ice mass for a given
amospheric profile is the influence of underlying liquid water clouds and precipitation on the radiances
observed at the top-of-amaosphere (TOA) in the visble and near-infrared wavelengths. Although WP
can be inferred from retrievals of cloud optical depth and effective ice particle Sizes usng visble (VIS)
and infrared (IR) methods [e.g., Minnis et al. 1993, 1995, 1998, 2001], it is generally overestimated

when water clouds are present underneath the ice clouds. The optica depth derived from the reflected



VIS-IR radiances represents the combined effects of dl cloud layers and the resulting IWP is actudly an
estimate of the tota water path (TWP). When the multilayered doud is retrieved as if it were an ice
cloud, the larger szes of the ice crysds tend to yied a greater IWP (TWP) than would be expected
from the Smple summation of the actua WP and LWP in the column. Thus, the effects of the LWP and
IWP in multilayered cloud systems should be separated.

Methods for direct retrievds of ice coud properties usng millimeter and sub-millimeter-
waveength measurementsin dl conditions[Liu and Curry 1998, 1999; Weng and Grody 2000; Zhao
and Weng 2002] are under development but have not yet been deployed on satellites. However, even
for these newer techniques there are no cloud property estimates for the lower cloud layers in multi-
layer systems.

Currently, the most feasble gpproach for retrieving IWP for the overlapped cases uses a
combination of microwave (MW) and VIS IR methods. Although the VISIR retrievals of optica
depths and effective particle Szes are for the whole column of clouds, in multilayered clouds, they are
primarily sendtive to the upper cloud layer, especidly when the upper-layer ice clouds are thick.
Microwave radiation, on the other hand, is mainly affected by surface, water clouds and atmospheric
water vapor; it is not sgnificantly scattered or absorbed by ice clouds. Therefore, over oceans, which
have a predictable surface emissvity, it is possble to combine both VIS IR and MW techniques to
determine the presence of water clouds below the ice clouds and separately estimate IWP and LWP for
each scene. Lin and Rossow [1996] estimated globd WP digtributions over oceans by usng asmple
separation technique of total water path (TWP), which is assumed to be equd to the combination of
LWP and IWP, retrieved from VIS/IR data by the Internationd Satellite Cloud and Climatology Project

(ISCCP) and cloud liquid water path (LWP) from a MW remote sensing method, respectively. In that



case, the ISSCP and MW data were matched only 1.5 hr on temporal resolution and 30KM on spatial
resolution. A more refined MW, VIS, and IR (MVI) technique [Lin et al. 1998] was used to derive
IWP in the same manngr using wel-matched ingantaneous Visble Infrared Scanner (VIRS) and
Tropica Rainfal Measuring Misson (TRMM) Microwave Imager (TMI) data taken by TRMM over
ocean [Ho et al. 2003]. Those estimates mark an advancein our knowledge of globd WP but they are
limited to ocean areas, are based on the smple TWP-LWP difference technique, and are difficult to
veidate.

Over land, the variability in surface emissvity renders such an approach nearly usdess. However,
a severd Atmospheric Radiation Measurement (ARM) Program [Ackerman and Stokes, 2003]
surface dtes, LWP is routindy derived from MW radiometers and, at one location, cloud vertica
dructure is determined accuratdly from a combination of cloud lidars and radars. In some cases, it is
possible to smultaneoudy derive the IWP from the radar data even when LWP is present [Mace et al.
2002]. Cloud properties have been derived every haf hour for severd years from VIS IR imager data
taken by the Geostationary Operational Environmental Satellites (GOES) using the Visble Infrared
Solar-infrared Split-window Technique (VISST; see Minnis et al. [2002]). Initid comparisons of the
IWP retrieved from Terra Moderate Resolution Imaging Spectroradiometer data with ARM radar
refrievals [Mace et al. 2004] indicate that for cirrus clouds with IWP as large as 120 gm?, the mean
IWP from VISST iswithin 5% of the radar retrieval. Instantaneous VISST retrievals are within 25% of
the radar results. Those initid comparisons ndicate that the satdlite and radar methods yield smilar
results for ngle-layered ice clouds. By combining the GOES satellite retrievals with the surface-derived
LWP over the ARM dgtes, it should be possible to develop a more complete IWP dimatology over this

limited region for Sngle- and multilayered clouds and perform some vaidation comparisons with the



surface-based IWP retrievas for multilayered clouds.

In this paper, an improved technique is developed to esimate LWP and IWP vdues
amultaneoudy usng satdlite and ground-based measurements over ARM Southern Great Plains (SGP)
boundary and centrd facilities gtes. Rather than amply differencing the TWP and MW LWP in
overlapped cases, this new approach performs a more explicit radiance-based retrievd of IWP to
account for differences in the optica properties of ice and liquid water clouds. In overlapped cases,
LWP is edimated from ARM MW radiometer (MWR) measurements first, and then used as lower
boundary for a reandyss of the satellite IWP retrievd. In the initid VISST andyss for overlapped
clouds, IWP is derived assuming the entire cloud is composed of ice crydds, the surface and
amosphere together form the lower boundary condition for the retrieva. The new dgorithm will trest
the combination of the lower cloud, the atmosphere, and the surface as the lower boundary condition.
The IWP retrievals are then based on the cadculation of the integrated systems of upper level ice clouds
and the lower boundaries using aradiative transfer modd parameterization. Prdiminary vdidation of the
retrievasis accomplished by comparisons with smultaneous retrievals usng the ARM radar at the SGP

Central Facility (SCP).

2. Satellite and Surface Data

2.1VISST
This sudy andyzes sadlite and surface measurements taken between 1 March and 30 October
2000 over the ARM SGP domain. GOES-8 provided continuous coverage of the region and was used

to derive the daytime cloud properties using the VISST, which is an upgrade of the 3-channd method



described by Minnis et al. [1995]. VISST andyzes an array of satdlite-observed VIS (0.65 pm)
reflectances and 3.9, 10.8, and 12.0 um brightness temperatures a a given set of solar zenith, viewing
zenith, and rdative azimuth angles using a set of lookup tablesin parameterizations [Minnis et al., 1998]
that account for the contributions of the surface and amosphere to the radiance in each channd.
Solutions are computed iteratively for both liquid and ice cdouds yidding effective droplet Sze reor
effective ice crystd diameter De, optical depth t, and cloud radiating temperature Tc. Phase is
determined usng severd criteriainduding the vdue of Tc, the avallable solution, and the consstency of
the temperature parameterized using the retrieva with the observed value. IWP or LWP is computed
from the particle Sze and optical depth. The GOES-8 VIS radiances were calibrated against VIRS as
described by Minnis et al. [2002].

2.2 Microwaveretrievals

An dgorithm adapted from the satdllite remote senang method of Lin et al. [1998, 2001] was
used to retrieve LWP and liquid water temperature Tw from the ground-based ARM SGP MW
radiometer (MWR) and infrared thermometer (IRT) measurements. ARM's ground-based MWRs are
available & severd locations within the SGP domain: Site B1 located at 38.31°N, 97.30°W (Hillsboro,
OK); B4 at 36.07°N, 99.20°W (Vici, OK); B5 at 35.69°N, 95.87°W (Morris, OK); and the SCF C1
a 36.61°N, 97.49°W (Lamont, OK). Cloud base height information was determined using Vasda
calometer data a dtes B1, B4 and B5 and ARSCL (Active Remote Sensing of Cloud Layers, see
Liljegren [1999]; Clothiaux et al. [2000]) data a C1 (the SCF). Surface pressure and air
temperature, as well as temperature and wind direction at cloud base height, were provided by Rapid
Update Cycle (RUC; see Benjamin et al. [2004]) 3-hourly moded output. The ARM MWRs measure

23.8 and 31.4 GHz brightness temperatures at 20-second sampling intervals. Before retrieving LWP



and Tw, the 2s data were averaged over 3minute intervas to reduce Th measurement noise and
facilitate processing.

2.3 MVI overlapped cloud selection

The GOES-8 radiances and cloud properties were averaged in 0.3° boxes centered on each
gte and mached with haf-hourly averaged MWR-retrieved cloud properties. Overcast clouds
congtitute about 74.2% of dl of the cloudy cases. The overcast cases can be further classfied as 18%
ice, 38% liquid water, and 18% mixed phase. Since the IRT provides only one temperature for the Ste
and no information about partial cloudiness, no broken clouds are considered further here. To take into
account the advantages of each technique, only those clouds classfied as overcast ice-phase clouds by
VISST are examined.

The overcast ice phase clouds actudly congst of angle-layered ice clouds and ice-over-water
cloud. The ice-over-water clouds are identified using the MVI method, which uses the difference
between cloud liquid water temperature Tw and the effective cloud temperature Tc. The cloud liquid
water temperature Tw retrieved from IRT datais close to cloud base temperature, especialy when the
lower leve clouds arethick [Lin et al. 2001] wheress the effective cloud temperature Tc derived from
GOES data represents the temperature near the top of the cloud for opticaly thick clouds [Minnis et al.
1993]. When the difference, DTwc = Tw - Tc, is sgnificantly larger than zero, it is likdy that the
observed system congsts of overlapped or mixed phase clouds [Lin et al. 1998; Ho et al. 2003]. In
this study, the conditions required for classifying a cloud as ice-over-water for the entire 0.3° box is:
100% ice phase, Tc < 273K, Tw-Tc > 8 K and MWR LWP (LWPyw) > 0.0 gm?. Multilayered

clouds were detected in 60% of the total occurrences of overcast ice clouds from dl four stes. Most of



the overlapped cloud systems consist of cold, high ice cloud over lower, warmer water cloud [Huang

et al., 2003).

3. Development of Multilayered Cloud Retrieval System (MCRYS)

In the MVI method, it is assumed that, for overcast multilayered ice-over-water clouds, the VISST-
derived IWP equals TWP. Therefore, the “true’ ice water is estimated by the MV technique through

sample differencing as

IWP = TWP — LWP, 1)

where LWP is from the MWR retrievd. In redity, the microphysical properties of the low-leve clouds
sgnificantly influence the VISST-derived optical depths and effective diameters subjecting the smple
differencing method to potentidly large biases. To illugtrate this point, adding-doubling redictive transfer
cdculations of VIS reflectance were performed using the microphysica mode (T40; De = 67.6 um; see
Minnis et al. [1998]) for an ice cloud at atemperature of -40°C for various optical depths as a sngle-
layered cloud and as part of a two-layered cloud system. In the latter case, the lower layer was
assumed to be awater cloud with effective droplet radii, re = 8 um (r8) and 12 um (r12), and LWP =
100 gm™. The VIS reflectance was computed for both the single and multilayered clouds for TWP up to
600 gm®. Examples of the results are plotted in Figure 1 for two solar zenith g, one viewing zenith
g (45°), andthreerdative azimuth f angles. In the top pand, the reflectance (thin curve) for g, = 60°,
f =25° and T40 increases from 0.52 at TWP = 100 gm™ to 0.66 for TWP = 200 gm? up to 0.84 for

TWP = 600 gm™. The reflectance (thick curve) for T40 at g, = 30° Sarts at alower value and follows a
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amilar curve. If lower-level clouds exig, the reflectances are higher than those of single layer clouds for
agiven TWP. For example, for TWP around 100 gm? (LWP = 100 gm™, IWP ~ 0), T40/r12, and g, =
60°, the reflectance is 0.65, while the single-layer ice clouds with the same amount of TWP would
produce 0.52 reflection. This effect causes current satdlite retrievas to overetimate WP or TWP
when the lower cloud is present. An assumed cloud with both IWP and LWP egua to 100 gm® (TWP
= 200 gm®) would have a reflectance 0.73. The current VISST retrieval would assume that the entire
cloud is in ice phase, and then, following the T40 curve, obtain IWP = TWP = 300 gm. If a MW
retrieval of LWP = 100 gm® is used to estimate WP, the MVI method would yield 200 gm™ instead of
100 gm?. The error is even worse for the T40/r8. While the forward scattering direction § = 25°)
represents an extreme case, most of the other results (seen in the lower pands of Figure 1) would yield
overestimates of WP using the MVI approach. Since the operationad VISST uses t and De as its
retrieval products, and water cloud droplets are much smdler (a factor of 2~3) than ice crystds, most
of the overestimation discussed above is compensated through underestimation of column totd optica
depths and overestimation of averaged column effective particle Szes. Nevertheless, there are significant
errors inherent in the MVI dgorithm that will depend on the viewing and illumination angles and relative
amounts of ice and water.

To improve the accuracy of ice cloud property retrievas, anew retrieva agorithm is developed
for multilayered cloud sysem. A schemétic view of this new agorithm, the multilayered cloud retrieva
system (MCRYS), is outlined in Figure 2. Initidly, the VISST retrievd is performed usng the surface as
the background and the MWR retrievd is used to derive LWP and Tw. The results are used in the MVI
method to detect the cloud overlgpping by using the difference between the vaue of cloud water

temperature Tw retrieved from IRT data and the cloud effective temperature Tc derived from satelites.
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When the difference, ?Twc = Tw - T, is ggnificantly postive, it is likdy tha the observed system
congsts of overlapped clouds [Lin et al. 1998b; Ho et al. 2003; Huang et al. 2003]. Second, the

optical depth of the low-level water cloud is estimated as

tiow = 0.75 Quis(re) LWPuw / Te. 2

where Q,is(re) is the extinction efficiency a a given effective droplet radius. In this sudy, re is assumed
to be 8 mm. Thevdue of LWP, isfrom the MWR retrieva. In the third step, the combined reflectance
is cdculated by first computing the direct and diffuse reflectance at 0.65 for the combined surface, low
water cloud, and atmosphere below the low water cloud to serve as the background reflectance field
for a second VISST retrievd. Smilarly, the vaue of Tw is adjusted to replace the surface skin
temperature used in the initid retrieva and serves to provide the background emitted radiances a 3.9,
10.8, and 12.0 um. Since the cloud water temperature derived from the MWR is close the cloud

bottom temperature, the water cloud top temperatureis given by

Tue= Tw- gDZ/R 3)

where g and R are the constant; DZ iswater cloud thickness which is decided by (Minnis, et. d, 1995)

DZ = 0.085t 40, "2
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The resulting VISST retrievd, therefore, accounts for the changes in the reflectance field due to the
upper-layer doud only. The low cloud-surface-lower atmosphere reflectance field is computed using the
lookup tables of Minnis et al. [1998] in the parameterization reported by Arduini et al. [2002]. The
new ice cloud-top temperature T, is computed using the cloud emissivity. For opticaly thin water clouds,
the ice cloud top temperature is estimated from the observed radiance:

B(T) = (1-e)(1-ew) es B(Ty) + (1-e)ewB(Tw)+ eB(To) 4

where e; ,e; and e,, are the surface, upper layer ice cloud and lower-layer water cloud emissvities a
10.8 um, respectively, and B is the Plank function evduated a 10.8 nm. The vaues of e and e, are
edtimated as

e=1 - exp[at /m"] (59

ew=1- exp[a(t Iow/n)b]’ (5b)

respectively. The coefficients a and b depend on cloud microphysics (see Minnis et al. [1993)). Tsis

surface skin temperature. When t o, islarge (i.e, e, = 1), Equ.(4) can be smplified as

B(T) = (1 €)B(Twc) + eB(To) (6)

The new ice cloud properties, such as Tc, t and De from the second VISST retrieva are then used to
cdculate anew vaue of IWP. The only assumed microphysica parameter then is the effective droplet

radius of the low-levd cloud.
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4. Case Studies

The gpplication of the MCRS and the resulting changes in the ice cloud properties are best
illugtrated using a combination of surface-based passive and active sensors at the SCF. Figure 3 shows
examples of doud radar reflectivity sgnas of multilayered clouds over the SCF during 3 different days
in 2000. The radar dgnas were obtained from the Millimeter Wave Cloud Radar (MMCR) system
located at the SCF. The zenith-pointing MMCR system operates a 35 GHz and can probe the extert
and composition of most clouds. These times were selected because the multi-layering conditions met
the criteriafor retrieving the ice cloud properties using the method of Mace et al. [2002]. As indicated
in Table 1, these cases cover awide range of viewing, illumination, and scattering angles. The vaue of g
is congant at 47.64°. For thisinitid VISST retrieva, the vadue of TWP is equd to the IWP. As shown
in Figure 3, the vertical gtructure of the multilayered cloud is complex. For example, in Figure 3d, ahigh
(~10.5 km), cold (232.0 K) and thick ice doud overlaps a low (=3 km), warm (284.8 K) and thin
weater cloud. The initid value of Tc from the VISST is about 53°C lessthan Tw, which trandates to a
height difference of ~7.5 km. The ice cloud thins out and splits in Figures 3e-f while the water layer
thickens and is joined by another one. In Figure 3f, the ice cloud effective height and temperature from
VISST are ~7.5 km and 255 K, respectively, and the MWR cloud water temperature is 287K. The
retrieved ice doud height is dearly lessthan the red upper layer cirrus dtitude. The LWP is ~ 61 gm’,
which is dmogt double the vaue in Figure 3d. Figures 3g-h aso represent thick ice-over-water cloud
cases except the lower layers are generdly thicker than that in Figure 3c. A more complex case is seen
in Figure 3a, where the lower level clouds may be doubled layered with a broken layer a bottom.

Simpler cases are seen in Figures 3b, j, and k.
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Table 1. Viewing, illumination, and scattering angles for GOES-8 and the surface at the SCF during

2000.
Case Month Date Time (UTC) Jo f Scattering
(@) ©) Angle (°)
1 March 22 1445 64.21 144.53 146.92
2 March 22 1515 58.66 150.27 154.21
3 March 22 1545 53.38 156.70 161.34
4 June 27 1745 16.88 173.54 148.00
5 June 27 1945 20.43 90.92 128.56
6 June 27 2015 25.65 79.37 122.37
7 June 27 2045 31.31 71.10 115.98
8 June 27 2152 37.18 64.67 109.41
9 July 3 1545 38.84 133.38 146.92
10 July 3 1615 32.95 139.53 149.88

Figure 4 comparesthe estimates of t, De, and Tc derived from the MCRS with those from the
initial VISST for the casesin Figure 3. For dl cases, the MCRS reduced the origindly overestimated ice
cloud optical depth (Figure 4a) and temperature (Figure 4c) while it increased the ice crysa effective
diameter (Figure 4b). As expected, the reductionin t is mos sgnificant for the cases with thin cirrus
over thick water clouds. The retrieved optica depth, for instance, decreases from 11.72 to 6.75 for
Case 3, from 12.0 to 3.89 for case 6, and from 13.62 to 4.5 for case 7. The average optica depth is
reduced by more than 100% for the three cases. For thick-ice-over-thin-water clouds, the estimated
changesin t are around 20~40%. For example, t decreases from 11 to 7 for case 4 and 6 to 5 for
Case 9. Therdative change in De for the new agorithm is not as dramatic as that in optica depth. For
Case 7, De increased from 71.5 to 90 um and from 58.29 to 64.52 um for Case 8. When the upper
layer cloud becomes optically thick, say t > 6 or 8, the lower cloud has minima effect on the retrieved

vaue of De because a negligible amount of 3.9um radiation from the lower cloud passes through the
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upper cloud to be received by the satdlite. This effect is especidly evident for Cases 1-4 when the
water cloud is thin. The derived ice cloud temperatures decreased fom 7 to 22 K (Figure 4c) with
corresponding improvements in the cloud heights (see solid linesin Figure 3).

Figure 5 shows a comparison of IWP derived from the MCRS with the vaues from the VISST
and the MV [see Equ. (2)], and from the MMCR using an agorithm that combines measurements of
Doppler velocity with radar reflectivity [Mace et al. 2002]. The new MCRS dgorithm produces smdler
vaues than the VISST for dl cases and the MVI for most cases. In dl of the cases, except Case 5, the
MCRS vyields \dues of IWP that are closest to those from the radar retrieval. The differences are
greatest for case 7 when IWP (in MCRS) is around 200 gm? less than the other two satdllite retrievals.
Both the MCRS and MV results agree well with the MMCR data for Case 6, while the MVI is closest
to the radar retrieva for Case 5. On average, for these cases, the difference between the MCRS and
MMCR IWPs is 27 gm?, which is 37% of the measn MMCR vaue of 65 gm?. The difference is less
than haf that between the MVI ad MMCR and dmost 3.5 times smaler than the mean VISST-
MMCR difference. Thus, it is clear for these results that the MCRS represents a marked improvement
over both the MVI and the single-layer VISST retrieval. In both of the earlier dgorithms, the TWP is
the same. The MCRS reduces the TWP, on average, because it generates a new vaue of IWP. The
improvement in WP is consstent with the improvement of the cloud-top dtitudes seen in Figure 3.

The accuracy of the MMCR retrievd is generally on the order of +50% and requires that the
ice portion of the cloud layersis properly identified. For some of the cases in Figure 3, determining the
exact boundaries of the ice cloud could result in biases in the MMCR retrievd. Vaidation of MCRS
using the MMCR retrievd is difficult because the MMCR retrievd, in its present state, does not account

for atenuation of radar energy in liquid clouds, therefore it is generdly applicable only when the LWP is
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relatively small and no precipitating clouds are present. Therefore, very few vaidation cases were found

over the SGP for the period of record considered here.

5. Results and Discussion

To assess how the MCRS changes the WP in the multilayered overcast cases overdl, it is
necessary to examine al of the results from the four sites over the 8 month period. Figure 6 compares
the ice cloud properties derived using the MCRS (black bar) with the VISST (gray bar) for ice-over-
water cloud systems. The mgjor differences between the two methods are evident in the optica depth
frequency didributions (Figure 6a). The optica depths derived from the MCRS are significantly shifted
to andler vaues. Cloudy pixdswith t < 8 comprise more than 30% of the data compared to only 9%
for the VISST retrievas. The 8-month mean optica depth drops to 29.7 from 38.6. The mean relaive

changeint isaround 30.5% given that the relative change is defined as

X - X
R (X ) = s " Xuces) g0, @

XVI SST

where Xyissr and Xucrs are the cloud properties derived from VISST and MCRS, respectively. For De,
the March-October mean from this study (Figure 6b) is 64.9 nm, which is 1.3 nm greater than the
origind VISST average De. The averaged relative change is ~3.79%. As expected, the ice water path
(IWP) vaues derived from current agorithm (Figure 6¢) are condderably smaler than those derived
from VISST; the March-October mean IWP decreases from 844.9 gm® to 632.7 gm2. For the MCRS

retrievals, doudswith IWP < 200 gm account for around 40% of the total compared to only 20% of
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those from VISST. The mean rdative change is 33.7%, which is only dightly lager than R(t) but much
larger than that for the ice diameter.

Minnis et al. [1998] estimate ice water path from the directly derived properties as

IWP =t (ayDe + a,D& + asDe), (8)

where g are regresson coefficients. Using (8), it can be shown that R(IWP) is linearly rdated to Ry(t)
and nontlinearly rdaed to R(De). However, the dependence of R(IWP) on R(t) is only dightly
greater than its variation with Ry(De).

Figure 7 shows R; for the three ice cloud properties as a function of VISST optical depth
(twissr) for ice-over-water clouds. The tyssr derived from the reflected visible radiance represents the
combined effects of dl cloud layers. As such, cloud overlap causes large errors in the retrievas of ice
cloud optical depth, ice water path, and particle Sze. For more than 75% of the overcast overlgoping
clouds (tvissr = 60, aso see Figure 6a), the MCRS reduces the ice cloud optical depth and IWP by
more than 30%. The relaive change for larger optical depthsis generdly smadler suggesting that in those
cases, the ice cloud contains most of the mass in the multilayered sysems. The maximum R for WP
and t, ~ 45%, occurs a tsst =35. However, for multilayered clouds with ty,ssr > 60, R. for t and
IWP decreases with the increasing of tyssr. For thin overlapped clouds (t vissr = 10), the results from
the new dgorithm indicate that De is underestimated by 15% (i.e, R(De) ~ -15%), but R(De)
becomes very smdl when t\ssr exceeds 10. Given that Ry(t) averages about 30% or less for tyssr >

10, it is evident that the ice clouds are generdly opticdly thick and, therefore, the initid VISST retrievd
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yidlds ardatively accurate vaue of De. On average relative to the VISST, the MCRS reduces t and
IWP by 8.9 (23%) and 212.1 gm@ (25%), respectively, and increases De by 1.3 pm (2%).

Figure 8 compares the histogram of upper layer cloud effective temperature derived from new
agorithm (solid line) and VISST (dash ling). The temperatures from the new agorithms are decreased
by 10 + 12 K, on average, which trandates to a height difference of ~1.4 km. The results in Figures 3
and 8 indicae that ice-cloud heght deived from traditiond dngle-layer satdlite retrievd is
underestimated and over classfies mid-level ice cloud coverage.

Figure 9 shows the histogram of IWP derived from MCRS (black bar) and MVI method (gray
bar) for ice-over- water cloud systems. The mgjor difference between the MCRS and MVI methodsis
that MVI method yidlds about 11% negative IWP vaues while there are no negative vaues with the
new dgorithm. The MV negative IWP vaues are physcaly meaningless and are obtained mainly due to
the uncertainties in the large LWP of the lower-level water clouds, the errorsin the retrieved TWP when
ice phase is assumed for whole column cloud particles, and the small sgnd of upper-layer thin ice cloud.
Another difference between these two methods is that the MCRS yields more than 42% of the tota
with IWP = 200 gm?, while MVI method only has 28% pixels with IWP in the same range. The 14%
difference is due to the negative IWP values from the MVI method. For IWP > 200 gm?, the frequency
distribution of the current algorithm agrees well with the MVI method. Figure 10 compares the detailed
histogram distribution of WP for the 0-200 gm? range with bin sizes of 10 gm®. For the 0-50 gm range,
the MCRS has only 2.6% of total whilethe MV yields 5.3% with IWP vaue in the range of 0-50 gnv
2. However, the new agorithm produces more than 36.6% in the range of 51-200 gm?, while MV
method only has 22.3%. Figures 9 and 10 suggest that the MCRS can sgnificantly improve, not only

the retrievd accuracy, but dso the physcd meaning of the ice cloud properties in multilayered cloud
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sysems. The MCRS is dso expected to diminish the overestimations of t and IWP and to increase the
underestimated De in these same cases.

Figure 11 shows Rc for the ice cloud properties as functions of LWPyw. For the overlapped
cloud with 100 gm? < LWPww = 400 gm™, the Rc are very stable with values around 20% - 35% for
both optica depth and IWP, and —3% for ice diameter. For overlapped clouds with LWPyy = 100 gm’
2, Rc vaues are consderably smaller than for those overlapped clouds with LWPyy > 100 gm and
they increase with increasng LWP . It isnot surprising because the thin water cloud should not cause
a large retrievd error for VISST dthough the rdaive uncertainty for microwave techniques may be
large. For overlapped cloud with LWPy > 400 gm?, Re changes vary rapidly with incressing LWPww.
It suggests when lower-layer water clouds are drizzling or contain large droplets, both MW techniques
and the MCRS may have sgnificant errors as aresult of the precipitation-szed hydrometeors.

Figure 12 shows the sengtivity of new dgorithm to the assumption of droplet Sze of lower layer
cloud. It suggests that the retrieva properties are not sendtive to the assumed droplet sze. When r,
changes from 6 mm to 8 nm (33% increase), the mean optica depth and IWP increase only 5.8% and
5.5%, respectively. Thus, the differences between the MCRS and radar IWP vaues in Fgure 5 are not
likely due to the droplet Sze assumption. For thin-ice-over-thin-water cloud cases, the estimated ice
cloud properties may be affected by this assumption. For the lowest category of optica depth (t < 5) in
the figure, for instance, the frequency drops more than 5% when r, changes from 8 um to 10mm. There
isamost no change for the thicker ice cloud systems.

Smilarly, Figure 13 summarizes the sengtivity of the ice cloud properties to the uncertainty in
LWP (+ 40 gm®) from the MWR retrieval. Overal, the ice cloud properties are more sensitive to an

underestimate of LWP than to an overestimate. The optical depth increases by ~10% for 40 gm?
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overesimatein LWP compared to only 2% for 40 gm too much LWP. The lce crystd size is only
dfected by + 2%, while the uncertainty in the LWP trandates to an uncertainty of -7.6% to 3% in IWP.

The sengtivity islarger for smdler vaues of IWP.

6. Conclusion

A more rigorous multilayered cloud retrieval system has been developed to improve the
determination of high cloud properties in multilayered clouds. The MCRS attempts a more redidtic
interpretation of the radiance field than earlier methods because it explicitly resolves the radiative
transfer that would produce the observed radiances. A two-layer cloud modd was used to smulate
multilayered cloud radiative characterigtics. It uses a smplified visble reflectance parameterization that
could produce some uncertainties that will be examined in future studies. Surdly, use of explicit two-leve
radictive transfer caculations could reduce the uncertainties in the retrievas. Despite the use of a
amplified two-layer cloud reflectance parameterization, the MCRS clearly produced a more accurate
retrieva of ice water path than the smple differencing techniques used in the past.  The initid results
indicate that it gill might be overestimating VWP for overlgpped cases, but by much smaler amounts than
other techniques. However, many more comparisons are needed with radar-MWR retrievals and a
better assessment of the erors in the radar retrievas is needed. The method is not particularly
sengtive to the assumed droplet Size or the uncertainties in the MWR retrievas. The errors are smdler
than the differences between the radar and MCRS retrievals. Thus, this new physicaly based technique

should be robust and directly applicable when the proper microwave and imager data are available.
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Such data are avallable from a variety of satdlites and should be exploited to derive the ice
water path properties over ocean where the LWP can be derived rdiably. Over land, the variahility in
surface emissvity renders the microwave gpproach nearly usdess. Thus, surface radiometers like those
a the ARM gites are the only source for applying this technique. With further validation againgt the radar
retrievals and perhaps arcraft in Stu data, the method could be used as reference source for other
techniques that are available or being developed usng other combinations of spectral radiances.
Because it does not require the presence of cloud radar, only the microwave radiometer, this method
could be applied a any location having the microwave radiometer providing the opportunities for
vaidating other methods in many more conditions than possble using the radar retrievas. In the short
term, this method will be extremely vauable for climate research by providing more accurate retrievas

of ice water path than previoudy possible.

22



Acknowledgements

This research was supported by the Environmenta Sciences Divison of U.S. Depatment of Energy
through the Interagency Agreements DE-AI02-97ER62341 and DE-A102-02ER63319 under the

ARM program.

23



References
Ackerman, T., and G. Stokes (2003), The Atmospheric Radiation Measurement Program, Physics

Today, 56, 38 —45.

Arduini, R. F., P. Minnis, and D. F. Young (2002), Invedtigation of a vigble reflectance
parameterization for determining cloud properties in multilayered clouds, Proc. 11™ AMS Conf.
Cloud Physics, Ogden, UT, June 3-7, CD-ROM, P2.4.

Benjamin, S. G., D. Devenyi, S. S. Weygandt, K. J. Brundage, JM. Brown, G.A. Grel, D. Kim, B. E.
Schwartz, T. G. Smirnova, T. L. Smith, and G. S. Manikin (2004), An hourly assmilation — forecast
cycle The RUC, Mon Wea. Rev., 132, 495-518.

Cess, R. D., G. L. Potter, J. P. Blanchet, G. J. Boer, A. D. De Genio, M. Deque, V. Dymnikov, V.
Gdin, W. L. Gates, S. J Ghan, J. T. Kiehl, A. A. Lacis, H. Le Treut, Z.-X. Li, X.-Z. Liang, B. J.
McAvaney, V. P. Mdeshko, J. F. B. Mitchdl, J-J. Morcrette, D. A. Randdl, L. Rikus, E.
Roeckner, J. F. Royer, U. Schlese, D. A. Sheinin, A. Slingo, A. P. Sokolov, K. E. Taylor, W. M.
Washington, R. T. Wetherdd, I. Yaga, and M.-H. Zhang (1990), Intercomparison and
interpretation of climate feedback processes in 19 amospheric generd circulation models, J.
Geophys, Res., 95, 16601-16615.

Clothiaux, E. E., T. P. Ackerman, G. G. Mace, K. P. Moran, R. T. Marchand, M. Miller, and B. E.

Martner (2000), Objective determination of cloud heights and radar reflectivities usng a combination
of active remote sensors at the ARM CART sites, J. Appl. Meteorol., 39, 645-665.

Ho, S.--P,, B. Lin, P. Minnis, and T.-F. Fan (2003), Estimation of cloud vertical structure and water
amount over tropical oceansusing VIRS and TMI data, J. Geophys. Res., 108,

10.1029/2002JD003298.

24



Huang, J. P., M. M. Khaiyer, P. W. Heck, P. Minnis, and B. Lin (2003), Determination of ice-water
path over the ARM SGP using combined surface and satellite datasets. Proc. 13" ARM Science
Team Meeting, Broomfield, CO, March 31 - April 4, 2003.

Liljegren, J.C. (1999), Automatic sdlf-cdibration of ARM microwave radiometers. Microwave
Radiometry and Remote Sensing of the Earth’s Surface and Atmosphere, Eds. P. Pampaloni and
S. Paloscia, pp. 433-443, VSP Press.

Lin, B., and W. B. Rossow (1996), Seasond variation of liquid and ice water path in non-precipitating
clouds over oceans, J. Climate, 9, 2890-2902.

Lin, B., P. Minnis, B. Widlicki, D. R. Dodlling, R. Pdikonda, D. F. Young, and T. Uttd (1998),
Egtimation of water cloud properties from satellite microwave, infrared and visble measurementsin
oceanic environments, 11: Results. J. Geophys, Res., 103, 3887-3905.

Lin, B., P. Minnis, A. Fan, J. A. Curry, and H. Gerber (2001), Comparison of cloud liquid water paths
derived from in Stu and microwave radiometer data taken during the SHEBA/FREACE, Geophys.
Res. Lett., 28, 975-978.

Liu, G., and J. A. Curry (1998), Remote sensing of ice water characteristicsin tropica clouds using
arcraft microwave data, J. Appl. Meteorol., 37, 337-355.

Liu, G., and J. A. Curry (1999), Tropica ice water amount and its relations to other atmospheric
hydrologicd parameters as inferred from satellite data, J. Appl. Meteoral., 38, 1182-1194.

Mace, G. G., A. J. Heymsfidld, and M. R. Podlot (2002), On retrieving the microphysicd properties of
crrus clouds usng the moments of the millimeter-wavelength Doppler spectrum, J. Geophys. Res.,

107, 4815-4841.

25



Maece, G. G., Y. Zhang, S. Platnick, M. D. King, P. Minnis, and P. Y ang (2004), Evauation of cirrus
cloud properties from MODIS radiances using cloud properties derived from ground-based data
collected at the ARM SGP site. Accepted, J. Appl. Meteorol..

Minnis, P., Y. Takano, and K.-N. Liou (1993), Inference of cirrus cloud properties using satellite-
observed visble and infrared radiances, Part |: Parameterization of radiance fields, J. Atmos. ci., 50,
1279-1304.

Minnis, P., D. F. Young, D. P. Kratz, J. A. Coakley, Jr., M. D. King, D. P. Garber, P. W. Heck, S.
Mayor, and R. F. Arduini, Cloud Optica Property Retrieva (Subsystem 4.3) (1995). "Clouds and
the Earth's Radiant Energy System (CERES) Algorithm Theoretica Bas's Document, VolumellIl:
Cloud Optical Property Retrieval (Subsystem 4.3)", NASA RP 1376 Vol. 111, edited by CERES
Science Team, pp. 135-176.

Minnis, P., D. P. Garber, D. F. Young, R. F. Arduini, and Y. Takano (1998), Parameterization of
reflectance and effective emittance for satellite remote sensing of cloud properties, J. Atmos. ci., 55,
3313-3339.

Minnis, P., W. L. Smith, Jr., D. F. Young, L. Nguyen, A. D. Rapp, P. W. Heck, S. Sun-Mack, Q.
Trepte, and Y. Chen (2001), A near-red time method for deriving cloud and radiation properties
from satdlites for weather and climate sudies, Proc. AMS 11th Conf. Satellite Meteorology and
Oceanography, Madison, WI, Oct. 15-18, 477-480.

Minnis, P., L. Nguyen, D. R. Dodlling, D. F. Young, W. F. Miller, and D. P. Kratz(2002), Rapid
cdibration of operationa and research meteorological satdlite imagers, Part |: Evauation of research

sadlite vigble channdls as references, J. Atmos. Oceanic Technol ., 19, 1233-1249.

26



Weng, F, and N. C. Grody (2000), Retrieva of ice cloud parameters using a microwave imaging
radiometer, J. Atmos. ci., 57, 1069-1081.
Zhao, L. and F. Weng (2002), Retrieval of ice cloud parameters using the advanced microwave

sounding unit, J. Appl. Meteorol., 41, 384-395.

27



Figure Captions

Figure 1 Reflectance at 0.65mm as a function of tota cloud water path from adding-doubling RTM
cdculaionsfor 6 sets of viewing and illumination conditions. The solid curves are for asingle-layer ice
cloud (T40 modd with De = 67 um) and the broken curves are for a T40 ice cloud over a water
cloud with LWP = 100 gm™. Resullts are shown for re = 8 and 12 pm. In each pand, the thick solid
and broken curves represent results with smaler viewing angle (30°), and the thin ones are for larger
viewing angle (60°).

Figure 2 Schemdtic view of the multilayered cloud retrieva sysem (MCRS).

Figure 3 Millimeter Wave Cloud Radar (MMCR) reflectivity observed at ARM SGP centrd facility Ste
for ten multilayered cloud cases. The solid red and dashed lines represent the cloud height derived
from MCRS and VISST, respectively.

Figure 4 Comparison of ice cloud properties derived from MCRS and VISST for the 10 cases shown
inFg. 3.

Figure 5 Comparison of ice water path (IWP) derived from the MCRS, VISST, MVI differencing
(TWP - LWP), and Millimeter Wave Cloud Radar (MMCR) reflectivity for the 10 cases shown in
Fg. 3.

Figure 6 Comparison of ice cloud properties derived from MCRS (black bar) with VISST (gray bar)
for (a) optical depth, (b) ice diameter, and (C) ice water path for ice-over-water clouds over four

ARM SGP stes (March-October, 2000). The histogram bins are 5 for (&), 5 um for (b), and 200

gm? for (C).
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Figure 7 Reative change rates of ice cloud properties derived from MCRS to the properties derived
from VISST as a function of VISST optica depth for ice-over-water clouds over four ARM SGP
stes (March-October, 2000). Solid line is for IWP, dot line for optica depth and dash line for ice
diameter.

Figure 8 Comparison of cloud effective temperature derived from MCRS (solid line) and VISST
(dished line) for ice-over-water cloud systems over four ARM SGP sites (March-October, 2000).
The hisogram binis5 K.

Figure 9 Comparison of ice water path derived from MCRS (black bar) and MVI (gray bar ) for ice-
over-water cloud systems over four ARM SGP sites (March-October, 2000). The histogram bin is
200 gm™. The 0-200 gm™ range bin is represented by O.

Figure 10 Detailed view of the 0-200 gm™ histogram bin shown in Fig.9 using 10 gm bins.

Figure 11 Same as Fig.7 but as afunction of microwave LWP of lower level water cloud.

Figure 12 Comparison of MCRS sengtivity to lower layer water cloud droplet size assumption for
ice-over-water cloud over four ARM SGP stes (March-October, 2000): Re= 6 mm (black bar), 8
mm (gray bar), and 10mm (light gray bar).

Figure 13 Comparison of MCRS Sengtivity to error in microwave LWP for ice-over-water cloud over
four ARM SGP sites (March-October, 2000): LWP (+40 gm®) (black bar), LWP (+0 gm™) (gray

bar), and LWP (-40 gm™) (light gray ber).
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Figure 1 Reflectance a 0.65 mm as afunction of tota cloud water path from adding-doubling RTM
caculaions for 6 sets of viewing and illumination conditions. The solid curves are for asngle-layer
ice cloud (T40 mode with De = 67 um) and the broken curves are for a T40 ice cloud over a water
cloud with LWP = 100 gm’. Results are shown for re = 8 and 12 um. In each pand, the thick solid
and broken curves represent results with smdler viewing angle (30°), and the thin ones are for larger
viewing angle (60°).
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Figure 2 Schematic view of the multilayered cloud retrievd system (MCRS).
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Figure 3 Millimeter Wave Cloud Radar (MMCR) reflectivity observed at ARM SGP centrd facility Ste
for ten multilayered cloud cases. The solid red and dashed lines represent the cloud height derived from
MCRS and VISST, respectively.
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(TWP - LWP), and Millimeter Wave Cloud Radar (MMCR) reflectivity for the 10 cases shown in Fig.
3.
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Figure 10 Detailed view of the 0-200 gm histogram bin shown in Fig.9 using 10 gm® bins.
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Figurel2 Comparison of MCRS sengtivity to lower layer water cloud droplet Size assumption for ice-
over-water cloud over four ARM SGP sites (March-October, 2000): Re = 6 nm (black bar), 8 mm

(gray bar), and 10 mm (light gray bar).
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Figure 13 Comparison of MCRS Sengtivity to error in microwave LWP for ice-over-water cloud over
four ARM SGP sites (March-October, 2000): LWP (+40 gm®) (black bar), LWP (+0 gm®) (gray bar),
and LWP (-40 gm™) (light gray bar).
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